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Abstract 
Plastic debris is a major environmental concern, and to find effective ways to reuse 
polystyrene (PS) presents major challenges. Here it is demonstrated that polystyrene 
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foams impregnated with SnO2 are easily generated from plastic debris, and can be 
applied to photocatalytic degradation of dyes. SnO2 nanoparticles were synthesized by a 
polymeric precursor method, yielding specific surface areas of 15 m2/g after heat 
treatment to 700 ºC. Crystallinity, size and shape of the SnO2 particles were assessed by 
X-ray diffraction (XRD) and transmission electron microscopy (TEM), demonstrating 
the preparation of crystalline spherical nanoparticles with sizes around 20 nm. When 
incorporated into PS foams, which were generated using a thermally induced phase 
separation (TIPS) process, the specific surface area increased to 48 m2/g. These 
PS/SnO2 nanofoams showed very good efficiency for photodegradation of Rhodamine 
B, under UV irradiation, achieving up to 98.2% removal. In addition the PS/SnO2 
nanofoams are shown to retain photocatalytic activity for up to five reuse cycles. 
Keywords: environmental remediation, nanocatalysis, dye degradation, porous catalyst, 
polymer waste, plastic reuse. 
1. INTRODUCTION 
A wide range of toxic and hazardous substances, including synthetic dyes, are 
continuously being released into wastewaters, mostly due to lack of effective treatment 
methods1. Dyes are used by various industries, however, recent studies have 
demonstrated that they are responsible for serious damage to aquatic ecological 
systems2. Rhodamine B (RhB) is a fluorone type organic dye belonging to the xanthene 
family, and studies suggest that RhB is carcinogenic, as well as a chronic reproductive 
and neuro toxin to humans and animals3, and to a lesser extent an allergen4. Therefore 
development of methods for degradation of dyes like RhB in industrial effluents are of 
high importance5. 
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Recently, numerous new approaches have been developed for removing pollutants 
from wastewater6. Advanced oxidation processes (AOP)7 hold particular promise for 
degradation of organic contaminants. Among these AOP methods, heterogeneous 
photocatalysis is very attractive offering the potential to turn organic contaminants into 
mineral salts and end products such as CO2 and H2O
8–11. Various metal oxides, such as, 
TiO2, ZnO, ZnS, WO3, CdS, SnO2, among others, can be used as semiconductors for 
heterogeneous photocatalysis and degradation12. In addition, nanostructured materials 
have been widely studied owing to beneficial properties, such as high electrical 
conductivity, high transparency in the visible region, high thermal, mechanical and 
chemical stability, and for potential applications in optically transparent materials and 
liquid crystal displays13, catalysts, gas sensors14 and solar cells15. 
Catalytic nanoparticles, such as SnO2, are generally supported on substrates to 
facilitate separation and reuse from the reaction medium16. A variety of catalyst support 
morphologies have been studied, including fibers, three dimensional networks and other 
complex shapes17. In this regard, foams appear to be very promising supports for 
photocatalysts, since they present different length scales from nano- to millimeter, 
facilitating dispersion and support of nanoparticles, whilst also providing large surface 
areas in mechanically robust 3-D network structures of macroscopic dimensions. A 
procedure for obtaining micro- and nano-structured polymeric foams was introduced by 
Aubert and Clough18, by mixing polystyrene (PS) with a mixture of cyclohexane 
(CH)/benzene. Eastoe et al19 also developed foams of surfactant-stabilized CaCO3 
nanoparticles using thermally induced phase separation (TIPS) from cyclohexane 
dispersions. Based on these previous reports it is of interest to see if semiconductor-
containing foams can offer increased efficiency of organic pollutant photocatalytic 
degradation. Additionally, there is a need to find useful applications for waste 
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polystyrene. The aim of this article is to combine these two issues to explore reuse of PS 
for the development of PS/SnO2 based nanofoams, and then to evaluate these 
photocatalytic systems for potential applications in environmental remediation of RhB 
by photo-degradation. 
 
2. EXPERIMENTAL SECTION 
2.1 Materials 
Citric Acid (C6H8O7.H2O) (Cargill / 99.5% purity), Ethylene Glycol 
(HO.CH2.CH2.OH) (Avocado / 99.0% purity), nitric acid (HNO3) (Dinâmica / 65.0% 
purity), tin chloride (SnCl2.2H2O) (Dinâmica / 98.0 to 103.0% purity), cyclohexane 
(CH, C6H12) (Sigma-Aldrich) and polystyrene (PS) obtained in the form of pellets sold 
in a local market, were used as received. 
2.2 Synthesis of nanoparticles of SnO2 
 The SnO2 nanoparticles were synthesized by the polymeric precursor method
20. 
Initially, 319.122 g of citric acid was dissolved in 1,000 mL of water and then, 125.000 
g of tin chloride was added to the solution under stirring. The molar ratio of tin (II) 
chloride dihydrate to citric acid was 1:3. After complete dissolution, 22 mL of 
ammonium hydroxide aqueous solution was added to the mixture. The system was 
cooled in an ice/water mixture to facilitate the precipitation of tin citrate. After 
separation, 8.000 g of the tin citrate was dissolved at room temperature in 2.000 mL of 
H2O and, to complete the dissolution, 8.000 mL of nitric acid were slowly added. 
Ethylene glycol was added to the previous solution, in a ratio of 40:60 with respect to 
the total amount of citric acid and then stirred at 70 °C to occur release of NOx gases, 
leading to a reduction in resin weight by about one half. Polymerization occurs through 
an esterification reaction between citrate and ethylene glycol, thereby obtaining a 
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polyester with homogeneously distributed metal ions. After the reaction, a polymer 
resin was formed and this resin was then placed in a muffle furnace EDG-01 at a 
temperature of 350°C for 2 hours under an air atmosphere, to partially remove organic 
matter. In this step, the polymer chains present in the resin were decomposed yielding a 
so called expanded resin precursor, being similar to a sponge material of dark 
coloration, which was removed from the furnace and powdered in a mortar. The powder 
precursor material was then treated at temperatures of 700, 800 and 900°C for 2 hours 
in an air atmosphere and named as SnO2-700, SnO2-800 and SnO2-900. 
2.3 Synthesis of SnO2 impregnated polystyrene nanofoams (PS/SnO2 nanofoams) 
The PS/SnO2 nanofoams were obtained by a TIPS process
21 combined with 
lyophilization22. The PS content in cyclohexane mixture ranged from 1.0, 2.5 to 5.0% 
(w/v) and the concentration of SnO2 in the nanofoams was also varied (2.5 and 5.0%, 
w/w relative to PS mass). The samples were labeled as PS(X)/SnO2(Y), where X is the 
percentage (w/v) of PS in CH and Y is the percentage (w/w) of SnO2 relative to PS. 
PS/CH mixture was sonicated for 3 hours in an ultrasonic bath to complete polystyrene 
dissolution in the solvent. For example, to prepare the colloidal dispersion for 
PS(2.5)/SnO2(5) nanofoams, 0.0625 g of SnO2 was added to 5 ml of 2.5% PS solution, 
and then kept for 2 hours in an ultrasound bath, to allow the formation of the colloidal 
dispersion. The dispersions were frozen using a Peltier system, (Fig. S1 in Supporting 
Information) at -10 ° C (the freezing point of CH is + 6 ° C). After 10 minutes of 
cooling, a vacuum pump was connected to remove the CH solvent by lyophilization for 
30 minutes. This technique results in the removal of the frozen CH solvent based on 
sublimation23. Tests were performed to find the optimal time for obtaining the foams. 
The low pressure freeze-drying led to cyclohexane removal by sublimation in the 
sample leaving behind a solid foam with a hard "skeleton". 
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2.4 Characterization 
All samples were characterized by X-Ray Diffraction (XRD) analysis in a Miniflex 
diffractometer 300 of RIGAKU with Cu Ka radiation, 2 kVA power, voltage of 30 kV 
and current of 30 mA. Scans were made in the range of 2θ between 10 and 80 ° with a 
step of 0.02 ° and speed of 2°s-1. The B.E.T. surface area of the samples was estimated 
by N2 adsorption analysis at 77 K in a surface area analyzer from Quanta Chrome 
Instruments, New Model 2200E. The samples were treated at 80 °C for 3 h under 
vacuum until reaching a pressure lower than 10 μm Hg. Transmission electron 
microscopy was conducted using a FEI Tecnai 20 instrument, with acceleration voltage 
of 200kV, at the Centro de Tecnologias Estratégicas do Nordeste - CETENE.  
2.5 Evaluation of Photocatalytic Activity  
The photocatalytic activity of SnO2 and PS/SnO2 nanofoams was evaluated by 
photodegradation of Rhodamine B (RhB). Photocatalytic tests varying RhB 
concentration were carried out at 1.0x10-4, 1.5x10-5 and 3.0x10-5M. Tests were also 
conducted to observe the influence of catalyst weight, being investigated the 
concentrations of 0.1, 0.4 and 0.8 g/L. To find an optimal pH for the photocatalytic 
activity, tests were made at pH 4.0, 7.0 and 8.0 using appropriate aliquots of 0.1 M 
NaOH solution, and 0.1 M HCl solution. After the addition of PS/SnO2photocatalyst, 
the system was kept in the dark for 30 minutes at 25 ºC, to ensure adsorption/desorption 
equilibrium of RhB on the photocatalyst surface and then irradiated with 3 × Phillips 15 
W lamps (45 W), emitting UV radiation λ = 254 nm. The lamps were set in a closed 
photocatalytic chamber of dimensions 60 cm (height) x 80 cm (width) x 90 cm (height). 
Aliquots were collected for spectrophotometric analysis every 10 minutes during 70 min 
under irradiation. Assays were performed in triplicate and samples were stored in test 
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tubes covered with aluminum foil to prevent light exposure, prior to spectrophotometric 
analysis in the UV-visible region using a Shimadzu UV-2550 spectrometer. 
 
 
3. RESULTS AND DISCUSSION 
3.1 PS foams 
The foams made from PS solutions at an initial concentration of 1.0% showed no 
structure or strength, and resulted in fragile materials not suitable for this work. On the 
other hand, the foams obtained from PS concentrations of 2.5 and 5.0% were compact, 
and robust, so these were used to make PS/SnO2 nanofoams (Figure 1). 
 
Figure 1. Left: Foam of PS (2.5), rigid and compact with average size of 3 cm. Right: 
PS foam SEM image showing porous structure (bar scale = 5 µm). 
During freeze-drying, given the samples remain below the glass transition 
temperature of PS and melting point of CH, the solvent is removed to give porous 
structures, with voids resulting from the removal of the CH solvent. The temperature at 
which the dispersion in cyclohexane solvent is annealed for freezing is a primary factor 
in the preparation of foams. The mixture should be at or above the theta temperature at 
which mixtures from stable dispersions. At the theta temperature, the polymer chains 
behave as ideal chains, having no preferential interactions with solvent or between chain 
segments, behaving similarly to the melt state18,24.   For temperatures below theta the 
systems separate into two phases, one polymer rich and another polymer poor, which 
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results in poor distribution of polymer in the porous structure of the final material18,25–27. 
The theta temperature for PS/CH solutions is 36 ºC18 , and as described by Aubert and 
Clough, the porous foam structures form in such a way (below theta) that the mixtures 
would separate into two liquid phases, one PS-rich and other CH-rich. However, if these 
mixtures are very quickly quench-frozen at temperatures below the melting point of CH 
(+6 °C), nuclei of the liquid PS/CH-rich phase will become entrapped inside the frozen 
CH-rich phase. Once a frozen CH-rich phase is nucleated in the freeze-drying process, 
more CH migrates from the liquid PS-rich phase to the CH-rich phase, enriching further 
the polymer concentration. That means the porosity of the final material will be a 
function of the polymer concentration in the PS-rich domains. The final state of the 
system is a CH-free solid porous PS material with an open cell-like foam structure18. 
Another way of thinking about this freeze-drying process is that the frozen CH solvent 
acts as a porogen to produce porous materials28. 
3.2 SnO2 nanoparticles and PS/SnO2 
Figure 2 shows the XRD patterns for PS(2.5)/SnO2(5)-700 nanofoams and for the 
SnO2-700 nanoparticles to highlight possible changes resulting from the incorporation 
of nanoparticles into the polymeric foams. Being an amorphous polymer polystyrene 
does not give rise to any significant XRD peaks29. X-ray diffraction from the 
PS(2.5)/SnO2(5)-700 system proves tin oxide is incorporated in the nanofoam, and also 
shows changes related to the presence of polystyrene. Comparing before and after 
impregnation in PS foams, observation of the tetragonal phase (JCPDS - 88-0287) 
indicates SnO2 in the nanofoams
30–32, which is observed for all samples. The band over 
the region between 10 and 19.42° indicates formation of a non-crystalline structure, 
which, according to Botan et al.33, is characteristic of polystyrene, additionally there is 
small peak broadening for SnO2, as shown in the Full Width at Half Maximum (FWHM) 
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values calculated from the XRD pattern. The amorphous polymer structure was 
maintained during the TIPS process, whereas the FWHM broadening for SnO2 can be 
attributed to a better dispersion of the SnO2 decreasing the agglomeration. This 
observation suggests possible changes in photocatalytic activity may be observed (see 
below), due to increased surface area. 
 
Figure 2. X-Ray diffractograms of PS(2.5)/SnO2(5)-700 nanofoams compared to bare 
SnO2-700. 
The FWHM values were obtained using the PeakFit software and the crystallite sizes 
were calculated using the Scherrer equation34, calculated using the most intense peak of 
in the XRD (110).The results are summarized in Table 1, showing that nanoparticles 
were obtained in all cases and their sizes increase as the initial samples are heated to 
higher temperatures. 
 
Table 1: Structural and electronic parameters for SnO2 and PS/SnO2 
SnO2 
(T °C) 
Crystallite 
Size (Dc, nm) 
FWHM – 
SnO2 
SB.E.T 
(m
2
/g) – 
SnO2 
Band 
gap (eV) 
– SnO2 
SB.E.T 
PS(2.5)/SnO2(5)-
700 
700 22.7 0.39 15.2 3.0 48.7 
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The results of the FWHM and crystallite size values were obtained from the XRD 
patterns and are presented in Table 1 (see also Fig. S2 in Supporting Information). It is 
observed that increasing temperature promotes crystallite growth and lowers FWHM 
values. This is consistent with temperature-induced crystallite nucleation occurring 
initially, and then growth with increasing temperature (due to high coalescence). As a 
consequence, the material is of higher crystallinity, according to the changes in FWHM 
values as a function of temperature, and smaller surface areas as indicated by the BET 
analyzes. According to Table 1, it is observed that increasing calcination temperature 
leads to lower surface area. The higher specific surface area at 700 °C may be attributed 
to more defects in SnO2, which leads to tiny pores. At 900 °C these pores collapse, 
resulting in a smaller specific surface area35. Majumdar et al.36 also conducted studies 
involving other synthetic methods for SnO2, and concluded that heat treatment 
influences directly surface properties, just like as observed here. At high temperatures 
the studied oxides showed a significant decrease in surface area. It is suggested that 
calcination at 800º C and 900 ° C has led to further contraction of the porous structure, 
where some pores join to form larger voids resulting in reduction of surface area. These 
data corroborate the micrographs shown in TEM (see below), which indicate that one of 
the reasons for the change in surface area is the formation of aggregates/agglomerates 
with increasing calcination temperature, and the concurrent increase in particle size.  
Nonetheless, surface area values are still higher in the nanofoams than for the bare 
oxides. Studies conducted by Rumyantseva et al.37 confirmed similar results to this 
study. They assessed the effect of heat treatment on the specific surface area and pore 
800 27.0 0.33 14.9 2.9 34.8 
900 30.8 0.29 11.6 2.8 28.1 
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volume for SnO2 nanocrystalline powders and found that oxide calcined at lower 
temperatures resulted in greater surface area compared to higher temperature treatment.  
The band gap energies for each sample were calculated using Tauc methodology38. 
The observed increase in absorbance with temperature is attributed narrowing of the 
SnO2 band gap
28 owing to bigger particles sizes and surface roughness39, leading to a 
higher absorbance for SnO2-900 (Fig. S3 in Supporting Information).  
Figure 3 shows HRTEM images for the SnO2-700, 800 and 900. They show that the 
oxide powder contains nanoparticles with sizes varying roughly between 20 and 80 nm, 
depending on the heat treatment temperature. For agglomerated particles it was not 
possible to obtain accurate size measurements, however, the effect of temperature on 
particle size is clear35. 
 
Figure 3. HRTEM images of the annealed SnO2 nanoparticles at A) 700 B) 800, and C) 
900 °C. (Size bar = 50 nm) 
The same trends in nanoparticle size can be seen comparing these HRTEM results 
with crystallite sizes values obtained from X-Ray Diffraction. 
3.3 Photocatalysis  
3.3.1 Effects of polystyrene concentration 
Initially, the influence of RhB concentration was investigated, and it was observed 
that low concentrations favored photocatalytic degradation (Fig. S4 in Supporting 
Information). Hu et al.40 presented similar results for photocatalytic RhB degradation as 
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a function of concentration. Within 300 minutes, RhB degradation decreased from 94 to 
70% when the initial RhB concentration increased from 10 to 25 mg. L-1, consistent 
with an “inner filter-type” effect leading to a lower rate of photocatalytic degradation40. 
Tests were carried out to find the optimum PS level for RhB degradation, and Figure S4 
shows photodegradation of RhB (1.5x10-5mol/L) using PS(2.5)/SnO2(2.5)-700 and 
PS(5)/SnO2(2.5)-700 nanofoams. 
According to Fig. S5 in Supporting Information the photocatalytic degradation of 
RhB in the presence of PS(2.5)/SnO2(2.5)-700 appeared to be more effective compared 
to the PS(5)/SnO2(2.5)-700 system. This could be owing to greater surface coverage of 
SnO2 nanoparticles by PS at the higher level decreases accessibility to SnO2 active sites, 
which in turn reduces photoactivity41. 
As shown in Figure 4, for a foam in the absence of SnO2 nanoparticles there is only a 
maximum of 25% degradation after 70 min, showing that the presence of SnO2 particles 
is needed for good photocatalytic performance. An increase in reaction rate leading to 
an almost complete RhB degradation (97.1%) in 70 minutes was observed with 
PS(2.5)/SnO2(2.5)-700 nanofoam. 
 
Figure 4. Photocatalytic degradation of RhB for PS(2.5)/SnO2(2.5)-700 in comparison 
to only PS(2.5). 
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Thus, the presence and amount of SnO2 greatly influence photocatalytic degradation. 
Regarding the mass concentration of photocatalyst Fig. S6 in Supporting Information 
shows that 0.4 g / L is the most appropriate of those tested. According to studies by 
Leea and Adesina42, an increase in catalyst mass may cause light scattering and hence 
reduce the catalytic activity. 
 
3.3.2 Photodegradation pathway 
The photocatalytic degradation of RhB was studied as a model reaction to assess these 
photocatalytic nanofoams for applications in environmental remediation. Changes in the 
main UV-vis absorption spectra as a function of time and appropriate concentrations 
were followed to track evolution of the RhB degradation products shown in Supporting 
Information. 
To confirm that the photocatalytic activity is due to the photocatalyst only, we carried 
out blank experiments without a catalyst under light (photolysis)56, as shown in Fig. S7 
in Supporting Information. It was observed that after 70 min, 20% of RhB was 
degraded. One explanation for this behaviour is that RhB dye can absorb UV radiation, 
and the energy is sufficient to break bonds in the chromophore groups. Photolysis, 
however, represents a small fraction of the photodegradation process and does not lead 
to effective and efficient degradation. 
The spectral changes during the photocatalytic degradation of RhB under UV 
irradiation using SnO2 particles are shown in Figure 5. As can be seen, the characteristic 
absorption band of RhB decreased rapidly, simultaneously with a hypsochromic shift in 
the absorption maximum from 554 to 534 nm. Previous studies have also reported 
similar changes using NaBiO3 as photocatalyst
43. The sharp decrease in the maximum 
absorption results from cleavage of the chromophore, whereas the peak displacement is 
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related to a N-de-ethylation mechanism: RhB is considered completely N-de-ethylated 
when displacement of the absorption maximum moves from 554 to 498 nm44. Thus, it 
was concluded that N-de-ethylation of RhB does occur in this case, however, it is not 
the predominant mechanism. It can be seen in Figure 5 that absorbance decreases more 
quickly than the maximum wavelength is shifted. This behavior clearly indicates that 
the chromophore cleavage mechanism predominates over N-de-ethylation when using 
SnO2 as photocatalyst. 
 The effect of temperature treatment on catalyst performance for RhB 
degradation was evaluated (discussed below), and kinetic parameters for SnO2-700, 
SnO2-800 and SnO2-900 samples are listed in Table 2. Catalysts treated at a lower 
temperature showed higher activity, and this can be understood as result of smaller 
nanoparticle size and subsequently larger surface area. Therefore, SnO2-700 was 
selected to make PS/SnO2 nanofoams for applications testing. It was noted that 
changing pH lead to no significant effect on dye degradation, although a small decrease 
in degradation efficiency at higher pH was noted (Fig. S8 in Supporting Information). 
Hence pH 4.0 was selected as the optimum condition for the reaction medium. 
 
Figure 5. UV-vis absorption spectra of RhB degradation in the presence of bare SnO2 
as a function of time (catalyst dosage: 0.4 g.L-1 , CRhB:1.0x10 
-5 mol/L, pH: 4.0) 
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The spectral changes during RhB photodegradation in the presence of PS/SnO2 
nanofoams are shown in Figure 6. The N-de-ethylation caused a shift in peak 
wavelength, resulting from the formation of a series of intermediate N-de-ethylation 
products of RhB, i.e., the ethyl groups were removed one by one, resulting in gradual 
changes in the peak maximum wavelength into the blue region45. The dye solution color 
disappeared (after 60 min irradiation), indicating that the chromophore was fully 
degraded. The generated products were identified as shown in Fig. S9 and S10 in 
Supporting Information, consistent with three N-de-ethylations. It can be observed that 
PS/SnO2 nanofoams caused a higher N-deethylation in comparison with SnO2-only 
suspensions. 
 
 
Figure 6. UV-vis absorption spectra of RhB up to 70 minutes in the presence of 
PS(2.5)/SnO2(2.5)-700 nanofoams (catalyst dosage: 0.4 g.L
-1 , CRhB:1.0x10 
-5 mol/L, 
pH: 4.0). 
Comparing the PS/SnO2 and SnO2 systems, the degradation mechanisms might differ, 
probably due to a stronger adsorption of RhB on the surface of PS/SnO2 than on bare 
SnO2, as discussed below. In general, these results showed that the PS(2.5)/SnO2(2.5)-
700 systems promote two competitive processes for the photodegradation of RhB, N-
de-ethylation or cleavage of the chromophore. If both pathways occur simultaneously 
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this can enhance the rate of RhB degradation into colorless byproducts, and eventually 
to CO2 and H2O
46. 
For SnO2 only nanoparticle suspensions, the N-de-ethylation route was relatively less 
effective compared to cleavage, as noted. In contrast, when using PS/SnO2 
photocatalyst nanofoams, it was observed that, in addition to chromophore cleavage, a 
N-de-ethylation route opens up, consistent with the hypochromic shift to the blue region 
of the spectrum. Ortelli et al.45 investigated degradation mechanisms of RhB, observing 
that the surface interactions semiconductor/dye dominate when the catalyst is well 
dispersed, leading to a degradation fully driven by OH• free radicals. In contrast, when 
the catalyst is supported or immobilized, substrate/dye interactions govern the N-de-
ethylation process, driven by OH• radicals adsorbed on the surface.  
3.3.3 Kinetics of RhB degradation  
To better understand dye photodegradation the reaction kinetics were studied. 
Considering that the radiation source used has constant flux, and the number of 
photocatalyst active sites is solely dependent on the surface area, pseudo first-order 
kinetics are expected, provided there is no catalyst poisoning during the process. 
 
Figure 7. RhB photodegradation kinetics for SnO2 treated at various temperatures 
(catalyst dosage: 0.4 g.L-1 , CRhB:1.0x10 
-5 mol/L, pH: 4.59 (unadjusted)) 
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Figure 8. RhB photodegradation kinetics for PS/SnO2 nanofoams at various SnO2 
temperature treatments (catalyst dosage: 0.4 g.L-1 , CRhB:1.0x10 
-5 mol/L, pH: 4.60 
(unadjusted))  
 
Figure 7 and 8 show plots of ln(A0/A), s vs reaction time, for the system with bare 
SnO2 and PS/SnO2 nanofoams, respectively. A0 is the RhB initial absorbance and A is 
the absorbance at the time t. (Assuming the Lambert-Beer law applies, absorbance is 
directly related to concentration.)  Comparing all the nanofoams the PS(2.5)/SnO2(2.5)-
700 shows a higher photodegradation rate constant of 0.054 min-1, as can be seen in 
Table 2, and this can be attributed to greater surface areas in nanoparticle-impregnated 
nanofoams SnO2-700. Figures S11 and S12 in Supporting Information, show plots of 
A0/A for degradation of RhB using SnO2 only photocatalyst and SnO2/PS foams, 
respectively. Comparison of the results obtained here with the available literature is not 
simple, since the process of photodegradation of dyes with UV and semiconductors 
depends on several factors, such as nature and concentration of the organic contaminant, 
concentration and type of semiconductor, light source, lamp power and intensity, pH, 
temperature, etc.47. In general, each piece of work employs different conditions, 
Page 17 of 32
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
18 
 
however, given these limitations an appraisal of the performance of different system is 
made below. 
Zhu et al.48, studied the photocatalytic activity of SnO2 microspheres for RhB 
degradation. They also observed pseudo-first order kinetics, and rate constants can be 
compared with those presented here. Zhu et al. analyzed different pH values, 2.91, 6.18 
and 9.05, giving rate constants 0.0082, 0.0273 and 0.0195 min-1, respectively. 
According to 48 these results may be associated with N-de-ethylation of RhB, since, as 
shown in Fig. 8, N-de-ethylation cannot be totally avoided and will occur in parallel 
with the direct degradation pathway. In addition, it should be noted that RhB 
photodegradation with two different catalysts (SnO2 and PS/SnO2) shows two changes: 
a rapid decrease in absorbance, and also a hypochromic shift of λmax, which was 
confirmed by Watanabe49 as being due to the N-de-ethylation of RhB, where the 
product is RhB (λmax = 498 nm). In the present work, with two types of different 
catalysts (SnO2 and PS/SnO2), the blue shift was 15 and 44 nm at pH 4.0 consistent with 
the state of the catalyst dispersion affecting the photocatalytic degradation. 
 
Table 2. Values of the degradation rate constants and the extent of degradation for all 
the systems studied under optimal experimental conditions. r2 were all >0.97.  
Photocatalyst SB.E.T (m
2
/g) pH k (min
-1
) % 
(Photobleaching) 
SnO2-700 15.16 4.0 0.037 94.0 
SnO2-800 14.86 4.0 0.036 91.8 
SnO2-900 11.63 4.0 0.034 88.1 
PS(2.5)/SnO2(2.5)-700 48.69 4.0 0.054 98.2 
PS(2.5)/SnO2(2.5)-800 34.83 4.0 0.041 98.1 
PS(2.5)/SnO2(2.5)-900 28.12 4.0 0.043 96.1 
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Clearly, the degradation efficiency using nanofoams was significantly improved over 
the bare nanoparticles, since nanofoams provide higher surface area and porosity, and 
also allow easy recovery of the catalyst. This structure can affect the transport 
pathways, allowing dye molecules to reach active sites, meaning that porosity can 
improve the photocatalytic efficiency50. These results are comparable, and even better, 
than some reported ones, as shown in Table 3. Note that is not easy to compare these 
results, since besides RhB:SnO2 molar ratio, irradiation power is an important factor, 
and the 60 W lamp used here is smaller than some others reported, such as 300 W for 
the work of Zhu et. al48. 
Table 3. Kinetic constants obtained here (best system) compared to other literature 
reports. 
System 
RhB/SnO
2
 
(mol:mol) 
k (min
-1
) Irradiation Ref. 
SnO
2
- nanoporous 
(photochemical synthesis) 
1:19 0.027 
UV tube-like 
lamp. (254 nm, 
8 W) 
CHEN et 
al., 
(2014)51 
SnO
2
- microspheres 
(solvothermal method) 
1: 10 0.0273 
high pressure 
mercury lamp 
(300 W) 
ZHU et 
al., 
(2014)48 
SnO
2
 supported in 
mesoporous TiO
2
 
(sol–gel method) 
1:15 0.010 UV lamp. 
Abdel-
Messih et 
al ., 
(2013)52 
SnO
2
/polystyrene 
(polymer precursors) 
1: 88 0.054 
UVC germicidal 
lamp.(254 nm, 
60 W) 
This work 
 
3.3.4 Catalyst reuse  
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A large amount of disposable PS by-products cause serious environmental problems, 
this waste has been dubbed “white pollution”. Polystyrene waste is not economically 
viable for recycling, but can be employed to remove other pollutants present in various 
environments such as water. If the produced material proves highly effective for 
degradation of pollutants, like dyes, it could have important industrial applications in 
water remediation systems. An attractive aspect of the work described here is the 
potential to reuse waste PS in environmental remediation applications53. To further 
investigate the reuse of PS(2.5)/SnO2(2.5)-700 nanofoams, they were subjected to five 
successive use cycles for photodegradation of rhodamine B. Figure 9 shows the changes 
in catalyst effectiveness after five reuse cycles.  
 
Figure 9. Reuse of a PS(2.5)/SnO2(2.5)-700 nanofoam photocatalyst for RhB 
degradation. 
 
The first run showed 98.3% of RhB degradation; cycle 2, 98.3%; cycle 3 showed 
97.8% degradation; cycle 4, 96.5% and the fifth degraded 82% of the initial dye. 
Unfortunately, there was a decrease in nanofoam activity from the fifth reuse. These 
results indicate that nanofoams exhibit stable photocatalytic activity, which is a very 
important factor for practical applications44, and also demonstrate the feasibility of 
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waste polystyrene reuse for environmental remediation of effluent dyes. It is possible 
that successive reuse and washing brings about a modification of the interfacial 
structure, altering its capacity for catalysis. An alternative reason is UV-induced 
photodegradation of the PS structure. Altin and Sokmen53, also carried out study of 
reuse of catalysts based on polystyrene. The photocatalytic properties of the produced 
material were tested for degradation and removal of methylene blue (MB). It was noted 
the TiO2-PS activity decreased nearly 50% for MB removal after 5 cycles, and the TiO2-
PS catalysts were still effective albeit with lower dye removal rates. 
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4. CONCLUSIONS 
Polystyrene was successfully converted from waste commercial pellets into 
nanofoams using a thermally induced phase separation (TIPS) method. The 
incorporation of SnO2 nanoparticles generated composite nanofoams, being novel 
photocatalysts which were assessed for potential environmental applications by 
following degradation of a model pollutant dye RhB. The functional nanofoams made 
from SnO2 nanoparticles annealed at 700ºC resulted in higher photocatalytic activity in 
this application than if treated at a higher temperature of 900 ºC. This temperature effect 
was accounted for in terms of a decrease in effective nanofoam surface area after 
annealing at the higher temperature. Irradiating RhB solutions in the presence of 
PS/SnO2 nanofoam photocatalysts resulted in a final degradation of 98.2%, which is 
better than reported in literature for SnO2 nanoparticles
54. This improved photocatalytic 
performance of the PS/SnO2 nanofoams was attributed to larger surface areas and 
greater porosities compared to SnO2 nanoparticles. The porous nanofoam structures 
favor interactions between dye molecules and OH radicals on the foam surfaces, leading 
to dye degradation, principally by N-de-ethylation45. As such, porous structures offer 
more catalytically active sites, and hence improved surface stability of electrons and 
holes to generate hydroxyl radicals, which may react to degrade contaminants. 
Additionally, the porous channel structure may facilitate better transport of contaminant 
molecules to reach catalytically active sites55. Reaction kinetics analyses reinforce that 
incorporation of the SnO2 nanoparticles into the PS foams improves RhB 
photodegradation, with rate constants as high as 0.054 min-1, being similar/higher than 
other reported systems, which are sometimes chemically more complex than these 
nanofoams48,51,52. Reuse of the PS/SnO2 nanofoams was demonstrated over five 
photocatalytic cycles, showing retention of activity for up to 4 cycles, but loss of 
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efficiency only after the fifth cycle. This proof of principle work offers an interesting 
two-fold environmental advantage: firstly, the feasibility to reuse polymeric waste to 
fabricate new materials, which secondly, can be employed to tackle another 
environmental issue, water treatment. New possibilities are being studied, with 
incorporation of catalysts (gold, silver, gold/palladium) and adsorbents (dolomite) to 
evaluate new catalytic transformations and removal of pollutants from wastewater and 
underground water. 
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